one unmethylated allele and hypermethylation of the other allele 7 . We detected both methylated and unmethylated alleles in the CDKN2A promoter during the entire transfection period (Fig. 1d) . We observed similar preservation of CpG methylation for SFRP1, GATA4 and GATA5 promoters, which are fully hypermethylated in wild-type HCT116 cells (Fig. 1d) 8, 9 . Corresponding retention of gene silencing for SFRP1, GATA4 and GATA5 was confirmed by RT-PCR (Fig. 1e) .
We next assessed the methylation status of 35 CpG dinucleotides in the CDKN2A promoter using the bisulfite sequencing technique 10 . By using primers that amplify the region spanning the frameshift mutation, we could distinguish between wild-type (methylated) and mutated (unmethylated) alleles ( Supplementary Fig. 2 online) . We found that CpG residues on the wild-type alleles were methylated at 92% of sites in cells treated with siMM and 95% of sites (on d 6) and 97% of sites (on d 14) in cells treated with siDNMT1 (Fig. 1f) .
To address whether the phenotype of DNMT1 depletion in HCT116 cells is representative of colorectal cancer cell lines, we transiently knocked down expression of DNMT1 in SW480 cells ( Supplementary  Fig. 3 online). These cells, unlike HCT116 cells, have almost no homologous recombination and are proficient in mismatch repair but retain high transfection efficiency. Like HCT116 cells, SW480 cells depleted of DNMT1 protein and enzyme activity retained methylation and gene silencing at all of the loci that we analyzed ( Supplementary  Fig. 3 online) .
One criticism of the genetic knockout strategy is that only the rare clones that could tolerate loss of the enzyme survived the homologous recombination and selection that was required to delete the DNMT1 locus 5 . To address this issue, we generated vectors The accumulation of 5-methylcytosine in the promoters of tumorsuppressor genes correlates with their transcriptionally silent state and is a crucial pathway for gene inactivation in human neoplasia 1 . The role of DNMT1 in maintaining CpG methylation in human cancer cells, extrapolated from studies done during early mouse development 2 , was re-evaluated when it was determined that CpG island hypermethylation could be maintained after genetic deletion of the DNMT1 locus in the human colorectal carcinoma cell line HCT116 (ref. 3) . Later experiments showed a cooperative role for the enzymes DNMT1 and DNMT3b in maintaining nearly all genomic CpG methylation 4 . HCT116 cells depleted of DNMT1 by treatment with antisense or small interfering RNA (siRNA) showed complete loss of CpG methylation in the promoter of the tumor-suppressor gene CDKN2A, leading to the conclusion that DNMT1 is essential in maintaining CpG methylation in these cells 5 .
To address this controversy, we depleted HCT116 cells of DNMT1 using the same double-stranded RNA oligonucleotides (siDNMT1) used previously 5 (Fig. 1a) and included mismatched siRNA oligonucleotides (siMM) and reagent-only treatments as controls. We collected cells every 48 h to monitor protein amount, enzyme activity and growth ( Supplementary Fig. 1 online) . Quantitative western-blot analysis showed an average reduction of 92% ± 3% in DNMT1 protein levels (Fig. 1b) , and enzyme activity was reduced by 59% ± 5% throughout the 30-d period (Fig. 1c) . These results are comparable to those obtained previously 5 .
We analyzed CpG methylation at the CDKN2A locus by methylation-specific PCR (MSP) 6 . This classical tumor-suppressor gene is completely inactivated in HCT116 cells by a frameshift mutation of expressing short hairpin RNA (shRNA) species encoding the same oligonucleotide sequences as siMM (pshMM) and siDNMT1 (pshDNMT1) 11 . After transfection and drug selection, we found no statistically significant differences in colony formation between the groups treated with pshMM (108 ± 8) and pshDNMT1 (101 ± 5; Fig.  2a) . We randomly isolated and expanded two pshMM and ten pshDNMT1 clones for analysis. As expected, DNMT1 protein levels and enzyme activity in pshMM clones were similar to those in parental wild-type HCT116 cells (Fig. 2b,c) . The pshDNMT1 clones had one of three distinct knockdown phenotypes. The first group (20%) showed no detectable changes in protein levels or methyltransferase activity. Most clones had a 60-90% reduction in enzyme amount and activity, equivalent to the reductions observed in the transiently depleted cultures. Thirty percent of clones showed a 95% reduction in methyltransferase activity and an absence of protein, identical to the DNMT1-knockout cells 3 .
MSP analysis of cell lines with different levels of DNMT1 indicated that CpG methylation was maintained in the CDKN2A, SFRP1, GATA4 and GATA5 promoters (Fig. 2d) . We further analyzed the methylation status of the CDKN2A promoter using bisulfite sequencing (Fig. 2e) . The clone expressing shMM showed methylation at >99% of the CpGs on the wild-type alleles. Clone 29 (intermediate DNMT1 knockdown) retained 98% methylation. The clones that were severely depleted of DNMT1 showed 98% (clone 30) and 94% (clone 27) retention of methylation.
Our results suggest that the low frequency of DNMT1 genetic disruption does not reflect selection of rare clones but may result from well-documented differences in targeting frequencies between loci 12 . Stable knockdown of DNMT1 by shRNA was 30 times more efficient than genetic targeting. The difference may be due to the molecular mechanism (homologous recombination versus translation interference) underlying each strategy 13 .
Using both siRNA and shRNA approaches, we found that human colorectal cancer cells can maintain CpG methylation of tumorsuppressor genes in the absence of DNMT1. These findings, consistent with the phenotype of DNMT1-knockout HCT116 cells, may have important implications for the design of pharmacological interventions targeting DNA methyltransferases. Our studies suggest that inactivating DNMT1 enzyme alone may be insufficient to re-express epigenetically silenced tumor-suppressor genes and restore normal cellular growth in colorectal cancer cells. Given the compensatory functions of other DNA methyltransferases 4 and the emerging importance of chromatin modifying enzymes 14, 15 in establishing and maintaining epigenetic gene silencing, development of combinatorial therapeutic strategies should be considered.
Note: Supplementary information is available on the Nature Genetics website.
